The AAA ATPase p97/VCP is involved in many cellular events including ubiquitin-dependent processes and membrane fusion. In the latter, the p97 adaptor protein p47 is of central importance. In order to provide insight into the molecular basis of p97 adaptor binding, we have determined the crystal structure of p97 ND1 domains complexed with p47 C-terminal domain at 2.9 Å resolution. The structure reveals that the p47 ubiquitin regulatory X domain (UBX) domain interacts with the p97 N domain via a loop (S3/S4) that is highly conserved in UBX domains, but is absent in ubiquitin, which inserts into a hydrophobic pocket between the two p97 N subdomains. Deletion of this loop and point mutations in the loop significantly reduce p97 binding. This hydrophobic binding site is distinct from the predicted adaptor-binding site for the p97/VCP homologue N-ethylmaleimide sensitive factor (NSF). Together, our data suggest that UBX domains may act as general p97/VCP/CDC48 binding modules and that adaptor binding for NSF and p97 might involve different binding sites. We also propose a classification for ubiquitin-like domains containing or lacking a longer S3/S4 loop.
Introduction
p97/VCP is a member of the AAA þ family (ATPases associated with various cellular activities), comprising enzymes that are involved in a wide range of different cellular processes including proteolysis, DNA repair and membrane fusion (for reviews, see Ogura and Wilkinson, 2001; Lupas and Martin, 2002) . One possible common feature of AAA þ function is a folding or unfolding step usually catalysed in an ATP-dependent manner. The ATPase domain is characterised by a conserved sequence of 200-250 residues that includes the Walker A and B motifs. Classical AAA proteins contain an additional 'second region of homology' or SRH. AAA þ proteins can be further subdivided into type II containing two ATPase domains, referred to as D1 and D2 (for example, p97, N-ethylmaleimide sensitive factor (NSF), ClpA, ClpB, ClpC) or type I (e.g. ClpX, HslU) containing only one ATPase domain, termed D2. Additional less conserved domains are often found at the N-terminus (N domain) or the C-terminus and are often implicated in adaptor binding (for a review, see Dougan et al, 2002) . Over the last few years, significant insight into the structures of AAA þ proteins has been obtained both by cryo-electron microscopy (cryo-EM) and crystallography (for a review, see Ogura and Wilkinson, 2001) . Recently determined crystal structures include FtsH (Krzywda et al, 2002; Niwa et al, 2002) and ClpA (Guo et al, 2002b) . However, much less is known about the nature of the interaction between AAA þ proteins and their adaptor molecules. To date, the only structure of such a complex is that of the ClpA N domain and its adaptor protein ClpS (Guo et al, 2002a; Zeth et al, 2002) , although both structures are unrelated to p97 N domain and p47 C, respectively.
The hexameric mammalian p97/VCP interacts with various adaptor proteins, which are proposed to function in different cellular pathways (Kondo et al, 1997; Meyer et al, 2000; Hetzer et al, 2001) . The adaptor complex of UFD1 and NPL4 is believed to be crucial for p97-mediated ubiquitindependent processes (Meyer et al, 2000 ; and for a review, see Bays and Hampton, 2002) . For p97-mediated membrane fusion required for organelle biogenesis, the p47 and VCIP135 (valosin-containing protein [VCP] [p97]/p47 complex-interacting protein, p135) proteins have been shown to be essential (Uchiyama et al, 2002) . In addition, p97 also interacts with a large number of seemingly unrelated proteins, including SVIP (small VCP/p97-interacting protein) (Nagahama et al, 2003) , clathrin (Pleasure et al, 1993) , the breast/ovarian cancer susceptibility gene product, BRCA1 (Zhang et al, 2000a) , a DNA unwinding factor (Yamada et al, 2000) and the ubiquitination factor UFD2 (Kaneko et al, 2003) . The yeast homologue of p97, CDC48, also binds ubiquitin (Dai and Li, 2001; Rape et al, 2001 ) and can distinguish between native and non-native proteins in the absence of cofactors (Thoms, 2002) . No adaptor proteins have been described for the archaeal homologue VAT, which has been suggested to act as a chaperone utilising its N domains for substrate binding (Golbik et al, 1999) .
The p97 membrane fusion adaptor p47 is a conserved 370 residue eukaryotic protein that forms a tight complex with p97 (Kondo et al, 1997) and mediates the binding of p97 to its t-SNARE (soluble NSF attachment protein receptor) syntaxin5 (Rabouille et al, 1998) . VCIP135 binds to the p97/p47/ syntaxin5 complex dissociating it via p97-catalysed ATP hydrolysis, possibly preparing SNAREs for another round of membrane fusion (Uchiyama et al, 2002) . The AAA protein NSF is essential for heterotypic membrane fusion by inter-acting with a-SNAP (soluble NSF attachment protein) during the process. Interestingly, a-SNAP competes with p47 for syntaxin5 binding (Rabouille et al, 1998) ; however, while p47 forms a stable complex with p97 inhibiting its ATPase activity (Meyer et al, 1998) , a-SNAP has to recruit syntaxin5 first before it can bind to NSF, thereby stimulating its ATPase activity (for a review, see Whiteheart et al, 2001) . p47 contains two binding sites for p97 with the C-terminal region sufficient for tight p97 binding, while p97 N domain is essential for p47 binding (Uchiyama et al, 2002) . The C-terminal domain of p47 (282-370) adopts a ubiquitin-like b-grasp fold (Yuan et al, 2001) , generally referred to as a ubiquitin regulatory X domain (UBX) domain (Hofmann and Bucher, 1996; Buchberger et al, 2001) . UBX domains are suggested to be involved in ubiquitin-related processes (Buchberger et al, 2001; Buchberger, 2002) , but as yet no common function has been described.
In order to characterise the structural basis of one p97-adaptor complex, we have carried out a crystallographic analysis of hexameric p97 ND1 domains and the C-terminal region of p47 comprising the UBX domain (residues 244-370; p47 C). Our 2.9 Å structure represents the first structure of a UBX-protein complex, as well as AAA protein in its natural oligomeric state bound to an adaptor protein. Additional mutagenesis studies based on the structure reveal that a highly conserved loop specific to UBX domains mediates the p97 interaction. This interaction could represent a general mode of UBX domain recognition by p97/VCP/CDC48 or p97-like N domains.
Results

Overall structure
The structure of p97 ND1 in complex with p47 C was determined from crystals of space group P6 5 , grown in low salt conditions. The structure was solved by the molecular replacement method employing ND1 as a search model. Within the asymmetric unit, the crystals contain an ND1 hexamer and two p47 C molecules bound to adjacent ND1 protomers. In our density maps, we also observe ill-defined density for a third p47 C molecule bound to another p97 protomer. The first 17-22 residues of the p97 N domain are not visible in our density maps. A ribbon diagram of the complex structure is shown in Figure 1A and a representative sample of electron density in Figure 1D . In the crystal packing, a plane of hexamers interlock in a 'cog-like' manner, with the p47 C molecules serving as 'bridges' between the different hexamers ( Figure 1B) . The p47 C-bound hexamers also spiral around the molecular axis, to obey the P6 5 symmetry. The p47 C fragment interacts with the N domain of one ND1 protomer and is positioned slightly below the plane of the hexameric ring ( Figure 1A) , pointing towards the D2 domain of full-length p97 (Huyton et al, 2003) . The same p47 C molecule also makes contacts with an adjacent hexamer in the crystal lattice ( Figure 1C ). In the next packing layer below the plane, there are no major contacts.
In contrast to the crystal structure of ND1 (Zhang et al, 2000b) , the six protomers of the ND1 hexamer in the complex structure are crystallographically independent copies. However, a comparison between both ND1 crystal structures shows no major domain movements, although both structures display totally different packing arrangements. The rmsd for different protomers superimposed on the P622 ND1 crystal structure ranges from 0.5 to 0.7 Å . Interestingly, the hydrogen-bonding interactions between the N domain and D1 are maintained, indicating that there is a preferred Figure 1 Overview of the p97 ND1-p47 C structure. (A) Ribbon representation of the p97 ND1 (blue)-p47 C (red/orange) crystal structure (top and side views). The radius of the complex structure is indicated. The disconnected secondary structure at the bottom (and right) of the p97 hexamer corresponds to parts of a third p47 C molecule we observe in the density maps. (B) Crystal packing arrangement of the p97 ND1-p47 C complex in one plane as viewed down the crystallographic 6 5 screw axis. (C) Stereo close-up view of one p47 C molecule (in red/gold) in the crystal lattice. The N domains from two ND1 hexamers (blue) are labelled. The ND1 secondary structure elements from the two hexamers that form the p47 C interface are depicted in light blue ('binary' complex of p47 UBX with p97 Nn and p97 Nc; additional lattice contact between the N-terminal extended chain of p47 C with the p97' hexamer). p47 C secondary structure elements that interact with ND1 are depicted in gold. (D) Electron density (2Fo-Fc map contoured at 1.2s) of the p47 C S3/S4 loop region.
binding mode between the two domains. Differences between protomers in the complex are mainly observed in surface side-chain conformations and in the loop region 427-437, which is flexible and has poor-quality electron density. Overall, the Ca atoms can be superimposed with an rmsd ranging from 0.45 to 0.62 Å . In the active site of D1, bound ADP is observed, further confirming the preference of ND1 for ADP (Zhang et al, 2000b) .
The two copies of p47 C observed in the complex superimpose with an rmsd of B0.9 Å , although there are slight differences at the end of b-strand 2 (S2). Both make nearly identical contacts with p97 ND1 covering a buried surface area of B1700 Å 2 . A comparison of p47 C bound to p97 ND1 with the solution structure of p47 UBX ( Figure 2A , Table II) shows differences in the N-terminal part, which may be due to the shorter fragment used for the solution structure determination (282-370). The loop between b-strands 1 and 2 (S1 and S2) is shorter and in consequence results in a different hydrogen interaction pairing between the two strands. The loop region between strands 4 and 5 (S4 and S5) is flexible in solution and residues 349-352 are also not well defined in the crystal structure. Interestingly, residues Nterminal of S1 are ordered in the crystal complex, forming an additional helix (H1) that folds back onto the UBX domain between S2 and the main helix H2 of the UBX domain ( Figure 2A ). Pro294 facilitates this loop formation and there are hydrophobic contacts (Ala283 and Phe324) and a salt bridge (Glu280-Arg307) that stabilise the orientation of H1 with respect to the UBX core. At the N-terminal end of H1, Pro273 allows the extended chain to adopt a sharp bend, although no side-chain density can be observed for residues in this region, which in the final model are poly-Ala. The first B10 residues of the p47 C sequence as well as the His-tag are disordered and could not be observed. In summary, the secondary structure organisation for p47 C in complex with ND1 is abbabbab with an additional 3 10 -type helix (labelled H3 in Figure 2A ).
Interactions between p47 C and p97 ND1
In our crystal structure, we observe a complex between the UBX domain of p47 C and a p97 N domain within the p97 hexamer. Additional interactions are mainly observed between the N-terminal extended chain of p47 C (modelled as poly-Ala) and an adjacent p97 hexamer ( Figure 1C ), which forms a lattice contact. The main b-sheet of the p47 UBX domain contacts the N domain of p97, resulting in a buried surface area of B1700 Å 2 , which is typical for a proteinprotein interaction surface (Lo Conte et al, 1999) . The most Figure 2 Comparison of p47 UBX with other UBX domains/ubiquitin and p97 N domain with NSF. (A) Superpositions of p47 C (red) with p47 UBX solution structure (grey, pdb-code 1JRU), FAF1 UBX (blue, pdb-code 1H8C) and ubiquitin (yellow, . Note the shorter turn between S3 and S4 for ubiquitin and the additional helix H1 in p47 C. (B) Top view of a superposition of p97 ND1 and NSF N domain. The p97 N domain has 9% sequence identity with NSF (1.9 Å rmsd over 117 residues). The p97 N domain is coloured blue, p97 D1 grey and NSF N domain gold. Residues at the p97 Np47 C complex interface are shown in ball-and-stick representation (red). Residues implicated in a-SNAP binding by NSF N are coloured magenta and are located on the opposite side of the p47-binding site.
striking feature of the interaction is the insertion of a loop from p47 C (S3/S4 loop; residues 342-345) into a hydrophobic pocket formed between the two p97 N subdomains (p97 Nn and p97 Nc; see Figures 1C and 3 ). The aromatic ring of Phe343 inserts into the N-domain cleft and makes contacts with a hydrophobic patch comprising residues from the first c-loop (Asp35CG, Ser37CB, Val38) and Ile70 ( Figure 3B ). Pro344 allows for the sharp turn observed in the S3/S4 loop. In addition, the side chain of Asn345 forms a hydrogen bond with the main-chain carbonyl of residue Glu141 in the N domain. A number of other hydrophobic interactions between p47 C and ND1 are observed, which may contribute to the overall stability of the complex, including p47 C residues Leu308, Met340, Ala363, Val364 and Val366, and p97 N residues Phe52, Arg53, Gly54, Pro106, Tyr110 and Tyr143. Hydrogen-bonding interactions are also clearly seen between p47 C Arg301NH2 and p97 N Val108O, as well as p47 C Asn345ND2 and p97 N Glu141O ( Figure 3B ). p47 homologues from yeast to humans typically share 14-30% sequence identity. The majority of residues at the interface are conserved, although for Drosophila and yeast there are a number of exceptions (see Figure 4A ). However, Phe343 and Pro344 within the S3/S4 loop are absolutely conserved, as is Arg301. The extended chain N-terminal of H1 is modelled as poly-Ala and forms a lattice contact. Part of this interaction consists of a short intermolecular b-sheet with a p97 Nc domain from a different hexamer in the plane of the crystal packing (p97 Nc 0 in Figure 1C ).
Comparison with other UBX domain-containing proteins FAF1, a protein implicated in apoptosis, also contains a C-terminal UBX domain and represents the only other known UBX domain structure (Buchberger et al, 2001) . Superposition of the p47 and FAF1 UBX domains reveals a close structural similarity ( Figure 2A ; Table II ). Very few residues are conserved between both domains, as illustrated by a structure-based sequence alignment ( Figure 4B ), with the majority of these residues likely to contribute to the stability of the fold (Ile300, Gly306, Phe324, Leu339, Pro344, Leu355 and Leu360). Strikingly, residues that mediate the interaction between p97 N and p47 C are conserved in FAF1, namely Arg301 and Phe343 and two other hydrophobic residues (Leu308, Val366). The S3/S4 loop, although similar in sequence ( Figure 4B ), shows small differences in conformation compared to p47 (Figure 2A ), which may be due to FAF1 being unbound. Nearly all UBX domains contain an arginine or less frequently a lysine at equivalent positions to Arg301 in p47 and a hydrophobic residue followed by a proline in the putative S3/S4 loop, indicating the functional importance of these residues (Buchberger et al, 2001) . It is notable that VCIP135, which binds to p97 in a mutually exclusive manner with p47, also contains a predicted UBX domain (Uchiyama et al, 2002) , and the main p97-interacting residues (Arg301 and Phe343) are conserved.
The S3/S4 loop is essential for binding to full-length p97
Despite a lack of sequence similarity, the UBX domain of FAF1 and ubiquitin were suggested to be evolutionary related (Buchberger et al, 2001; Buchberger, 2002) . From our crystal structure, the p47 UBX domain is in fact more similar to ubiquitin (Ramage et al, 1994) than FAF1 (Buchberger et al, 2001) , despite both having low respective sequence identities (see Figure 2A and Table II ). This supports the notion that ubiquitin is the closest structural relative to the UBX domain known to date. In a structure-based sequence alignment ( Figure 4B ), the equivalent S3/S4 loop in ubiquitin is shortened by two residues, which interestingly correspond to Phe343 and Pro344. In ubiquitin, a glycine at the same position as Asn345 allows a sharp turn, which results in a shorter loop. To address the question as to whether the S3/S4 Figure 4 Sequence alignments showing p97-p47 interacting residues. (A) Sequence alignment of p47 homologues (rat p47: accession code tr|O35987|, human p47: accession code tr|Q9UNZ2|, Drosophila EYC: accession code tr|Q9U9C9| and yeast SHP1: accession code sp|P34223|) starting at residue 245 of rat p47. (B) Structure-based sequence alignment of p47 and FAF1 UBX domains and ubiquitin. Residues located at the interface with p97 N in the 'binary' complex are marked with a red arrow. Secondary structure elements of p47 C are shown above the alignment. Conserved residues are highlighted in grey, 'h' stands for hydrophobic (yellow), 'b' for basic and 'a' for acidic residues (blue). Differences in the N-terminal part due to a shorter loop between b-strands 1 and 2 in the crystal structure. Alignment of all residues gives rise to an rmsd of 2.7 Å .
loop is important in mediating a full-length p97-p47 C interaction, we designed several mutants, including one that mimicked the shorter loop observed in ubiquitin (Thr342, Phe343, Pro344, Asn345 to Ala, Gly) and three single-point mutants of p97-interacting residues (Phe343Ser, Asn345Ala, Arg301Ala). In vitro binding studies clearly show that p47 C binding to full-length p97 is almost abolished for the loop mutant ( Figure 5A ) and significantly reduced for the single-point mutations ( Figure 5B ). Together, these data provide direct evidence for the importance of the S3/S4 loop in mediating p47 C-p97 binding.
Comparison of N domains between p97 and its homologues p97 homologues are found in species as diverse as archaebacteria and humans, whereas p47 homologues are only present in eukaryotes. The residues at the p97 N-p47 C binding interface are located around and within the cleft formed between the two p97 N subdomains Nn and Nc ( Figure 2B ). Residues that form part of the buried interaction surface in p97 Nn are located between strands S1 and S2 (referred to as one of the two c-loops), within H1, between H1 and S3, and on S4. The linker region between p97 Nn and p97 Nc is also involved as well as residues on S7, between H4 and S9, on S11 and on H5. Interestingly, all these residues are not conserved between p97, VAT and NSF. Moreover, a comparison of the p47 interaction regions in p97, VAT and NSF shows significant differences in secondary structure/and or chain length. Differences include an inserted long helix between strands S1 and S2, a lack of H1, a longer linker between the two subdomains and slightly different orientations of H4, S11 and H5 in NSF ( Figure 2B ). The loop between S10 and S11 in NSF is longer (16 residues) and is partly disordered in the crystal structure (May et al, 1999; Yu et al, 1999) . In contrast, VAT N (27% sequence identity with p97 N, rmsd of 1.9 Å over 127 residues) has a shorter linker region between the two subdomains and the region between H4 and S9 is also shortened (Coles et al, 1999) . However, the p47 contact residues are mostly conserved within eukaryotic p97 homologues, such as humans and rats (99% sequence identity), both of which are known to interact with p47, as well as the yeast homologue CDC48 (66% sequence identity).
Discussion
The p47 UBX domain binds to p97 N The crystal structure of the p97 ND1-p47 C complex provides the first detailed description of the structural organisation of an AAA protein hexamer in complex with its adaptor molecule, as well as the mode of interaction between a UBX domain and a target protein. The p47 UBX domain predominantly binds to a single p97 N domain ('binary complex') forming a large buried surface area, which is consistent with our previous NMR chemical shift perturbation studies on p47-p97 (Yuan et al, 2001 ) that implicated the p47 UBX bsheet as forming part of the p97 N-domain interaction region.
Peptide-mapping studies also show that residues from both p97 N subdomains are required for p47 (271-370) binding, which agrees with our crystal structure where residues from both subdomains contact p47 (Uchiyama et al, 2002) . Furthermore, cryo-EM studies of the full-length p97-p47 complex show p47 at the periphery of the p97 hexamer (Rouiller et al, 2000 ; see Figure 6 and later discussion). The mainly hydrophobic nature of the p97 N-p47 UBX interface is also consistent with the observation that full-length p97-p47 complex is stable in the presence of high salt concentrations (up to 0.5 M KCl). Direct evidence, however, for the observed complex is provided by our mutagenesis studies of the p47 S3/S4 loop, which protrudes into the cleft formed between the p97 N subdomains. Mutant p47 C with a shortened loop shows significantly reduced full-length p97 binding in vitro, as do p47 C single-point mutants within the loop region. A further point mutant on b-strand S1 that disrupts a hydrogenbonding interaction at the interface also shows reduced p97 binding in vitro. In conclusion, the binding of p47 to p97 is mediated primarily via the S3/S4 loop of the p47 UBX domain. This observed interaction is supported by mutagenesis data and in vitro full-length p97-binding studies.
There is at present no evidence to support the binding of the N-terminal extended chain to p97, modelled as poly-Ala in our crystal structure. This interaction, which forms a lattice contact with a different p97 ND1 hexamer, could mimic an additional p47-p97 interaction, positioning the remaining p47 chain at the top of the hexamer. Interestingly, in the related ubiquitin-like structure, GABARAP (g-aminobutyric acid receptor type A receptorassociated protein), a proline (Pro10) located at the N-terminal end of the equivalent H1 helix, mediates two conformations, which are likely to be biologically relevant (Coyle et al, 2002). In p47, this proline (Pro273) and/or Pro265 and three glycines (Gly255, Gly257, Gly261) could be responsible for different conformations in this region. Parts of this sequence motif are also found in UFD1 (Meyer, personal communication) , a known p97-binding protein, although the exact mapping of the interaction is not known. p97 also interacts with UFD1, SVIP and p47 in a mutually exclusive manner (Meyer et al, 2000; Nagahama et al, 2003) , which implies that they share part of the same interface.
A common function for UBX domains?
Although UBX domains were suggested to play a role in ubiquitin-related processes such as protein degradation, endocytosis and DNA repair, their role as a ubiquitin-like modifier seems unlikely, given that they lack a C-terminal extension required for conjugation to target proteins (Buchberger et al, 2001) . In the nonredundant SMART database (Letunic et al, 2002) , 166 proteins contain a UBX domain. UBX domains share little overall sequence homology and can be found either at the C-terminus or in the middle of a protein. However, the few highly conserved residues (Arg301, Phe343, Pro344 in p47) within the UBX family are proposed to be functionally important (Buchberger et al, 2001 ). We now demonstrate that all these residues are involved in p97 N-domain binding and that mutating either Phe343 or Arg301 results in reduced full-length p97 binding in vitro. It is noteworthy that insertions and deletions in UBX domains are mainly restricted to loops after H1 (H2 in p47 C) and S4 (Buchberger et al, 2001 ), which should not interfere with p97 binding. This leads us to suggest that UBX domains may act as general binding modules for p97 and/or p97 homologues, possibly representing a first common role for UBX domains.
UBX domains and ubiquitin-possible implications for ubiquitin-like domains
The UBX domain and ubiquitin adopt a b-grasp fold, which is characterised by the presence of a b-b-a-b-b unit (Lo Conte et al, 2000) . Proteins of that fold have been shown to form protein-protein complexes via intermolecular b-sheet interactions utilising strand S2. Examples are the ElonginBElonginC complex (Stebbins et al, 1999) and the RalGDSRas complex (Huang et al, 1998) . However, for the p47 UBX domain, the S3/S4 loop is important for p97 interaction. Another protein containing a b-grasp fold domain, namely jak1, also uses this loop for interaction with a cytokine receptor, as demonstrated by homology modelling and mutagenesis (Haan et al, 2001 ). Compared to ubiquitin, ElonginB and GATE-16, p47 C/jak1 contains a longer S3/S4 loop. It is tempting to speculate that during the evolution of the b-grasp fold a longer loop has developed at this position for interaction with other proteins. A survey of all b-grasp fold structures known to date reveals about half that contain a longer S3/S4 loop than ubiquitin. Interestingly, b-grasp fold proteins that act as modifiers (RUB1/NEDD8, HUB, GATE-16, SUMO, for a review, see Jentsch and Pyrowolakis, 2000) tend to have shortened S3/S4 loops similar to ubiquitin. Therefore, a classification of ubiquitin-like domains could take the length of the S3/S4 loop into account.
For ubiquitin, two hydrophobic clusters constitute the main functional/binding sites and not directly the S3/S4 loop (Sloper-Mould et al, 2001) . Interestingly, CDC48, in the absence of nucleotide or the presence of ATP, binds efficiently to tetra-ubiquitin and requires the N domain for binding (Dai and Li, 2001 ). The binding of mono-ubiquitin, however, is still a matter of debate (Dai and Li, 2001; Rape et al, 2001; Meyer et al, 2002) . p97 has been suggested to function as a proteasome-independent chaperone facilitating proteolysis (Dai et al, 1998; Thrower et al, 2000) , and ubiquitin binding to p97 may provide insights into how poly-ubiquitin chains bind to the proteasome (Lam et al, 2002) . Apart from a longer S3/S4 loop, ubiquitin also lacks some of the UBX hydrophobic residues at its C-terminus. Hence, our proposal suggests that, despite a very similar fold, ubiquitin is unlikely to bind to p97 N in the same manner as p47 UBX. However, for polyubiquitin, it cannot be ruled out that additional interactions between poly-ubiquitin chains and CDC48 compensate for the shortened S3/S4 loop.
Other proteins that adopt a b-grasp fold and bind to AAA proteins There is at least one other protein that adopts a b-grasp fold and binds to a type II AAA protein, namely GATE-16. GATE-16 aids in intra-Golgi transport and binds to NSF (but not p97) to enhance its ATPase activity, and can associate with the Golgi v-SNARE GOS-28 (Sagiv et al, 2000) . In contrast, p47 is known to inhibit p97 ATPase activity (Meyer et al, 1998) . Additionally, GATE-16 only consists of 117 residues and has been shown to act as a covalent modifier protein (Tanida et al, 2003) . From a comparison of the structures of GATE-16 and p47 C (Table II) , as well as p97 N and NSF N, it is likely that GATE-16 binds to NSF in a manner different from that of p47 to p97, since GATE-16 has a short S3/S4 loop and Figure 6 Model of p47-p97 as a physiological complex. Fitting of a model based on our crystal structure with six p47 C molecules bound to the periphery of the p97 ND1 hexamer onto a cryo-EM projection map of the full-length p97-p47 complex (figure adapted from Rouiller et al, 2000) . Note the remarkable agreement in both dimensions and overall fit of the ND1-p47 C structure. An arrow indicates the position of the p47 C domain bound to the ND1 hexamer, which fits well in density attributed to p47 by Rouiller et al (2000) .
the corresponding binding surface of NSF differs from that seen in p97 N.
In our complex structure, we observe an N-terminal helix (H1) as an extension to the ubiquitin fold of p47 UBX, which is not observed in the solution structure (Yuan et al, 2001 ). To our knowledge, only GATE-16 and its close orthologue GABARAP contain N-terminal helical extensions (Paz et al, 2000; Knight et al, 2002) , which for GABARAP has been implicated in tubulin binding (Knight et al, 2002) . However, the sequence that forms H1 in p47 is only conserved in mammalian p47 homologues ( Figure 4A ) and the orientation of the corresponding helix in GATE-16 is different.
p97-p47 as a functional complex
It has been suggested that either three (Kondo et al, 1997) or six (Rouiller et al, 2000) p47 molecules can bind to a p97 hexamer. Although the p47 fragment used in our studies is sufficient for full-length p47-p97 binding (Uchiyama et al, 2002) , our p97 ND1-p47 C crystal structure cannot confirm the stoichiometry of the complex, since we only observe two p47 C domains bound to the ND1 hexamer and a third partially ordered domain. Preliminary isothermal titration calorimetry experiments, however, using p97 ND1 and p47 C, indicate that ND1 can bind six p47 C molecules when saturated (unpublished data), conditions that are similar to those used for complex formation. The binding arrangement that we observe in our crystal structure is therefore probably influenced by the crystallisation process, since crystal packing favours p47 C binding to certain protomers over others. By using the observed p47 C N-domain binding arrangement in the crystal structure, we can construct a 'six to six model' of the p47 C-ND1 complex. Strikingly, such a model is in near perfect agreement with a contour plot of a cryo-EM projection map of full-length p97-p47 complex (Rouiller et al, 2000; Figure 6 ). This even extends to the location of the p47 C domain within the EM map, which is attributed to p47 by difference maps of unbound and bound p97 (Rouiller et al 2000) . This fit strongly argues that p47 in the full-length complex binds to p97 as we observe in our crystal structure, and represents at least one functional state.
Interestingly, when compared to the ND1 structure alone, the N domains in the p47 C complex are located in similar positions. This suggests that the observed ND1 conformation in both structures is biologically relevant, possibly representing a distinct nucleotide-dependent state. For NSF, the adaptor a-SNAP also binds to N domains, although EM shows that it binds on top of the NSF hexamer (Hanson et al, 1997; Hohl et al, 1998) . The equivalent residues in p97 required for a-SNAP binding (Matveeva et al, 2002) are located in close proximity to D1 on the opposite side of the p97 N-p47 C interface ( Figure 2B ). This suggests a different binding mode for a-SNAP to NSF, which is plausible given that the structures of a-SNAP (Rice and Brunger, 1999 ) and p47 C are unrelated. Assuming a similar arrangement of ND1 domains in NSF, these residues would be inaccessible. For NSF, it has therefore been proposed that these a-SNAP-binding residues become exposed in the presence of ATP, since ATP is required for a-SNAP-SNARE binding (May et al, 2001 ). This would suggest that N domains have distinct nucleotide-dependent conformations, which is consistent with previous EM studies (Rouiller et al, 2002; Beuron et al, 2003) . The proposed flexibility of N domains argues that N-domain motions when bound to adaptors could mediate p97 function by transmitting the energy required for disassembly and/or unfolding of p97/VCP target proteins.
Materials and methods
Expression and purification of the p97 ND1-p47 C complex
The cDNA corresponding to residues 2-458 of murine p97 (ND1 domains) was cloned into pET22b (NdeI/BamHI) (Novagen) and the cDNA corresponding to the C-terminal p47 fragment (residues 244-370) was cloned into pPRO-EX Hta (SfoI/BamHI) (Life Tech). Proteins were expressed in Escherichia coli Rosetta (DE3) cells (Novagen) at 371C by inducing a mid-log phase culture with 1 mM IPTG. Cell pellets were lysed by sonication and the Histagged p47 C was purified on a chelating HiTrap column (Pharmacia) charged with NiSO 4 . The obtained protein fractions were pooled, dialysed and reloaded onto the column before adding the ND1 lysate. Elution of the complex was performed with an imidazole gradient and resulted in a fraction of ND1-p47 C complex, which was further purified on a Superdex-200 column (Pharmacia) equilibrated with 50 mM Tris-Cl, 5 mM MgCl 2 , 5% glycerol, 150 mM KCl, pH 7.4. The pure peak fractions were pooled and concentrated to 10 mg/ml.
Protein crystallisation and data collection
Single crystals suitable for crystallographic analysis were obtained at 201C by the hanging drop vapour diffusion method using 5 ml of the protein mixed with 5 ml of a mother liquor containing 10% PEGmme 5 K, 100 mM citrate, 50 mM KSCN, pH 5.5. The crystals typically grew to a size of 0.5 Â 0.05 Â 0.05 mm 3 . For data collection, crystals were transferred to different drops containing mother liquor with increasing amounts of PEGmme 5K and PEG400 and flash frozen in liquid nitrogen. Data were collected at the European Synchrotron Radiation Facility in Grenoble on beamline ID-14-4 equipped with a MAR CCD detector. The crystals belong to space group P6 5 , as confirmed by the molecular replacement procedure with cell parameters of a ¼ b ¼ 157.7 Å , c ¼ 243.2 Å , a ¼ b ¼ 901, g ¼ 1201 and diffracted to a resolution of 2.9 Å . Data were processed with Denzo and Scalepack (Otwinowski and Minor, 1997) . The summary of the data collection statistics is shown in Table I .
Structure solution and refinement
The ND1-p47 C structure was solved by the molecular replacement method employing the full ND1 hexamer as a search model using the program CNS (Brunger et al, 1998) . The correct solution was the highest peak in the rotation and translation function in space group P6 5 . Initial rigid body refinement of this solution resulted in an R free of 39%. Additional density near two protomers of the p97 ND1 hexamer was clearly visible in the initial electron density map. Several rounds of manual building and rebuilding were carried out using the program O (Jones et al, 1991) with careful inspection of 2Fo-Fc, Fo-Fc and 'omit' electron density maps. Due to the unfavourable observation to parameter ratio (Table I) , refinement was restricted to rigid body refinement and a few rounds of NCS-restrained refinement followed by further NCS-unrestrained rigid body refinement (defining either N domains and D1 domains as well as p47 C as rigid bodies or the whole protomers and p47 C) using CNS (Brunger et al, 1998) . A final round of grouped B-factor refinement was carried out and a few ordered water molecules were added, resulting in a final R factor of 24.8% and R free of 29.5%. Some residual uninterpretable density was still visible at the end of refinement, which we attribute to a third p47 C molecule, as well as the residues at the N-termini of ND1 and p47 C. Due to a lack of side chain density, a few surface residues and residues N-terminal of Pro273 (p47 C) were modelled as alanines. For one of the p47 C copies, only parts of the N-terminal extended chain were built. The final refinement statistics are given in Table I . Figures were prepared using GRASP (Nicholls, 1993) , MOLSCRIPT (Kraulis, 1991) and RASTER3D (Merritt and Bacon, 1997) .
Mutation of p47 C and binding studies with full-length p97
To obtain His-tagged p47 (244-370) fragment, the corresponding cDNA with stop codon was subcloned into pQE30 using BamHI and KpnI sites. Mutations (Thr342, Phe343, Pro344, Asn345 to Ala, Gly and single-point mutations Arg301Ala, Phe343Ser or Asn345Ala) were directly introduced into the cDNA in pQE30 by PCR reactions, using the Quick-change mutagenesis kit (Stratagene), as described previously (Uchiyama et al, 2003) . The clones were verified by DNA sequencing. The fragments were expressed in E. coli and purified with Ni beads, followed by further rounds of purification with gel filtration. Recombinant p97 without a tag was expressed in E. coli and purified using standard biochemical procedures. His-tagged p47 C (1.5 mg) was incubated with p97 (9.0 mg) in 200 ml of buffer (20 mM HEPES, 0.2 M KCl, 1 mM MgCl 2 , 0.2 mM ATP, 1 mM DTT, 0.1% Triton X100, 10% glycerol, pH 7.4). After 1 h incubation on ice, the p47 fragment was isolated using anti-His antibodies and protein G-beads, and bound proteins were fractionated by SDS-PAGE. Blots were probed with anti-His and anti-p97 antibodies, respectively.
Accession codes
Coordinates have been deposited in the Protein Data Bank with accession code 1S3S.
